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‚ · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¢Ò¶μ²´¥´¨Ö ¶·μ£· ³³Ò ¨¸¸²¥¤μ¢ ´¨° · ¸¶ ¤μ¢ ¶¨μ´μ¢
´  Ê¸±μ·¨É¥²¥ ˆ´¸É¨ÉÊÉ  �. ˜¥··¥·  (PSI) ¸ ¶μ³μÐÓÕ ¸¶¥±É·μ³¥É·  PIBETA.

„²Ö ¶·μÍ¥¸¸  β-· ¸¶ ¤  ¶¨μ´  π+ → π0e+ν(πβ) ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ¨§³¥·¥´  ¢¥·μÖÉ´μ¸ÉÓ
Γ(πβ) = [1,036± 0,004 (¸É É.)± 0,004 (¸¨¸É.)± 0,003 (π+ → e+ν)] · 10−8, ¨§ ±μÉμ·μ° μ¶·¥¤¥²¥´μ
§´ Î¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  ³ É·¨ÍÒ Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò Vud = 0,9728(30).

�  ¸É É¨¸É¨±¥ 65·103 ¸μ¡ÒÉ¨° ¨§³¥·¥´  ¢¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  π+ → e+νγ (RPD)
Bexp = 73,86(54) · 10−8 ¢ ±¨´¥³ É¨Î¥¸±μ° μ¡² ¸É¨ Eγ > 10 ŒÔ‚ ¨ θeγ > 40◦. ‘É É¨¸É¨Î¥¸±¨°
 ´ ²¨§ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° (Ee, Eγ) ¢ ÔÉμ³ · ¸¶ ¤¥ ¤ ² §´ Î¥´¨Ö ¸² ¡ÒÌ Ëμ·³Ë ±Éμ·μ¢
¶¨μ´  FV = 0,0258(17) ¨ FA = 0,0117(17). ˆ§³¥·¥´ ¶ · ³¥É· a = 0,10(6) ¤²Ö § ¢¨¸¨³μ¸É¨ FV μÉ
¨´¢ ·¨ ´É´μ° ³ ¸¸Ò q2 ¶ ·Ò e+ν FV (q2) = FV (0)(1+a ·q2), ¢ÒÎ¨¸²¥´  ¶μ²Ö·¨§ Í¨Ö ¶¨μ´  αE =
2,78(10) · 10−4 Ë³3, ¨ μ¶·¥¤¥²¥´μ ¢·¥³Ö ¦¨§´¨ ´¥°É· ²Ó´μ£μ ¶¨μ´  τ (π0) = (8,5± 1,1) · 10−17 ¸.

„²Ö · ¸¶ ¤μ¢ π+ → e+ν ¨ μ+ → e+ννγ § ¢¥·Ï¥´ ´ ¡μ· ¸É É¨¸É¨±¨ ¨ ¢¥¤¥É¸Ö ¥¥ μ¡· ¡μÉ± .
�±¸¶¥·¨³¥´É PEN ¸É ¢¨É ¸¢μ¥° Í¥²ÓÕ Ê²ÊÎÏ¥´¨¥ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  π+ →
e+ν ¶μÎÉ¨ ´  ¶μ·Ö¤μ± (5 · 10−4).

The paper examines the results of the research program at the Paul Scherrer Institute (PSI) accelerator
using the PIBETA spectrometer of the decays of pions.
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For the decay π+ → π0e+ν(πβ) the decay probability Γ(πβ) = [1.036 ± 0.004 (stat.) ±
0.004 (syst.) ± 0.003(π+ → e+ν)] · 10−8 is measured with a high accuracy, from which the value
of the matrix element of the CabibboÄKobayashiÄMaskawa matrix is determined Vud = 0.9728(30).

Based on a total of 65·103 events, the radiation decay π+ → e+νγ branching ratio for the kinematic
region Eγ > 10 MeV and θeγ > 40◦ is measured to be Bexp = 73.86(54) ·10−8 . Statistical analysis of
the measured (Ee, Eγ) energy distributions results in the weak form factor values of FV = 0.0258(17)
and FA = 0.0117(17). We have measured a = 0.10(6) for the dependence of FV on the e+ν pair
invariant mass q2, parameterized as FV (q2) = FV (0)(1+a · q2). We also derive the pion polarizability
αE = 2.78(10) · 10−4 fm3 and the neutral pion lifetime τ (π0) = (8.5 ± 1.1) · 10−17 s.

For the decays π+ → e+ν and μ+ → e+ννγ, data acquisition is completed and data processing is
under way. The PEN experiment is aimed at improving the measurement accuracy of the π+ → e+ν
decay probability by almost an order of magnitude (5 · 10−4).

PACS: 13.20.-v; 13.20.Cz; 14.40.Be

‚‚…„…�ˆ…

�¤´μ° ¨§ ¢ ¦´¥°Ï¨Ì Í¥²¥° ¨¸¸²¥¤μ¢ ´¨° ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í Ö¢²Ö¥É¸Ö
μ¶·¥¤¥²¥´¨¥ ¶·¥¤¥²μ¢ ¶·¨³¥´¨³μ¸É¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨ (‘Œ) ¨ ¶μ¨¸± Ö¢²¥´¨°, ¢ÒÌμ-
¤ÖÐ¨Ì §  ¥¥ · ³±¨ ¨ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨Ì É¥³ ¸ ³Ò³ μ ´ ²¨Î¨¨ ®´μ¢μ° Ë¨§¨±¨¯. ‚ ¸¢¥É¥
¶μ¸²¥¤´¨Ì ¤μ¸É¨¦¥´¨° ¢ ´¥°É·¨´´μ³ ¸¥±Éμ·¥ ²¥¶Éμ´´ Ö Ê´¨¢¥·¸ ²Ó´μ¸ÉÓ ¨ ¸¢μ°¸É¢  ²¥¶-
Éμ´μ¢ ¢ Í¥²μ³ ¶·¨μ¡·¥É ÕÉ ´μ¢μ¥ §´ Î¥´¨¥. ‘μ§¤ ´¨¥ Ê¸±μ·¨É¥²¥° ´  ¢¸¥ ¡μ²¥¥ ¢Ò¸μ±¨¥
Ô´¥·£¨¨ ¢¸¥£¤  ¶·¥¸²¥¤μ¢ ²μ ¨ ÔÉÊ Í¥²Ó.

„·Ê£μ° ¶ÊÉÓ ¤²Ö ¤μ¸É¨¦¥´¨Ö É¥Ì ¦¥ Í¥²¥° ¸μ¸Éμ¨É ¢μ ¢¸¥ ¡μ²¥¥ ÉμÎ´μ³ ¨§ÊÎ¥´¨¨ ¨§-
¢¥¸É´ÒÌ, ¢ Éμ³ Î¨¸²¥ μÎ¥´Ó ·¥¤±¨Ì, ¶·μÍ¥¸¸μ¢ ¨ ¢ ¶μ¨¸±¥ · ¸¶ ¤μ¢, § ¶·¥Ð¥´´ÒÌ ¢ ‘Œ.
	² £μ¤ ·Ö ¶·μ¸Éμ° ¤¨´ ³¨±¥, ´¥¡μ²ÓÏμ³Ê ±μ²¨Î¥¸É¢Ê ¤μ¸ÉÊ¶´ÒÌ ± ´ ²μ¢ · ¸¶ ¤  ¨ Î·¥§-
¢ÒÎ °´μ Ìμ·μÏμ ±μ´É·μ²¨·Ê¥³Ò³ · ¤¨ Í¨μ´´Ò³ ¨ ¶¥É²¥¢Ò³ ¶μ¶· ¢± ³ · ¸¶ ¤Ò ¶¨μ´μ¢
¨ ³Õμ´μ¢ Ö¢²ÖÕÉ¸Ö ¢Ò¸μ±μÎÊ¢¸É¢¨É¥²Ó´Ò³ ¸·¥¤¸É¢μ³ ¤²Ö ¨§ÊÎ¥´¨Ö ¤¥É ²¥° ¨ ¶·¥¤¥²μ¢
μ¸´μ¢´ÒÌ ¸¨³³¥É·¨°. Š É ±¨³ ¨¸¸²¥¤μ¢ ´¨Ö³ μÉ´μ¸¨É¸Ö, ¢ Î ¸É´μ¸É¨, ¶·¥Í¨§¨μ´´μ¥ ¨§-
³¥·¥´¨¥ ¢¥·μÖÉ´μ¸É¨ μÎ¥´Ó ·¥¤±μ£μ β-· ¸¶ ¤  § ·Ö¦¥´´μ£μ ¶¨μ´  ´  ´¥°É· ²Ó´Ò° ¶¨μ´,
¶μ§¨É·μ´ ¨ ´¥°É·¨´μ π+ → π0 + e+ + νe(πβ) ¨ · ¸¶ ¤  π+ → e+ + νe (PEN),   É ±¦¥ ¶ -
· ³¥É·μ¢ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  § ·Ö¦¥´´ÒÌ ¶¨μ´μ¢ π+ → e+ + νe + γ (RPD) ¨ ³Õμ´μ¢
μ+ → e+ + νe + νμ + γ (RMD).

ƒ² ¢´ Ö Í¥²Ó ¶·¥Í¨§¨μ´´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö β-· ¸¶ ¤  ¶¨μ´ , ±μÉμ·Ò° ¨¤¥É ¸ ¢¥·μÖÉ-
´μ¸ÉÓÕ ¶μ·Ö¤±  BR ∼ 10−8, Å ÉμÎ´μ¥ ¨§³¥·¥´¨¥ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¨, ¸μμÉ¢¥É¸É¢¥´´μ,
³ É·¨Î´μ£μ Ô²¥³¥´É  Vud. �Éμ ¶μ§¢μ²Ö¥É ¶·μ¢¥¸É¨ É¥¸É ‘É ´¤ ·É´μ° ³μ¤¥²¨, ¶·μ¢¥·ÖÖ
Ê´¨É ·´μ¸ÉÓ ³ É·¨ÍÒ Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò (CKM).

ˆ§ÊÎ¥´¨¥ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¶¨μ´  ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¨´Ëμ·³ Í¨Õ μ ¸É·Ê±ÉÊ·¥
¶¨μ´  ( ±¸¨ ²Ó´Ò° ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò° Ëμ·³Ë ±Éμ·Ò). ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶·¥¤¸± § ´¨°
±¨· ²Ó´μ° ¶¥·ÉÊ·¡ Í¨μ´´μ° É¥μ·¨¨ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¨ÉÓ §´ Î¥´¨¥ ¶μ²Ö·¨§Ê¥³μ-
¸É¨ § ·Ö¦¥´´μ£μ ¶¨μ´ ,   ¨§ § ±μ´  ¸μÌ· ´¥´¨Ö ¢¥±Éμ·´μ£μ Éμ±  (CVC) ¨ ¢·¥³Ö ¦¨§´¨
´¥°É· ²Ó´μ£μ ¶¨μ´ . � É ±¦¥ ¤ ÉÓ μ£· ´¨Î¥´¨¥ ´  ¢±² ¤ É¥´§μ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö.

�·¥Í¨§¨μ´´μ¥ ¨§³¥·¥´¨¥ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¶μ²μ¦¨É¥²Ó´μ£μ ¶¨μ´  ´  ¶μ§¨É·μ´ ¨
´¥°É·¨´μ (BR ∼ 10−4) ¶μ§¢μ²Ö¥É ¸¡²¨§¨ÉÓ ÉμÎ´μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¨
É¥μ·¥É¨Î¥¸±¨Ì · ¸Î¥Éμ¢, μÉ²¨Î ÕÐ¨Ì¸Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´  ¶μ·Ö¤μ±. �Éμ ¤ ¸É ¢μ§³μ¦-
´μ¸ÉÓ ¶·μ¢¥·¨ÉÓ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ‘É ´¤ ·É´ÊÕ ³μ¤¥²Ó ¨ μ−e-Ê´¨¢¥·¸ ²Ó´μ¸ÉÓ, ¤ ÉÓ
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μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò £¨¶μÉ¥É¨Î¥¸±¨Ì Î ¸É¨Í, É ±¨Ì ± ± ¶¸¥¢¤μ¸± ²Ö·´Ò¥ ²¥¶Éμ±¢ ·±¨,
¢¥±Éμ·´Ò¥ ²¥¶Éμ±¢ ·±¨, ³ ¸¸¨¢´Ò¥ ´¥°É·¨´μ ¨ ¤·.

’ ±¨³ μ¡· §μ³, Ô±¸¶¥·¨³¥´É PIBETA ¶μ ¨§ÊÎ¥´¨Õ β-· ¸¶ ¤  ¶¨μ´  ¶μ²μ¦¨² ´ Î ²μ
¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ¶·¥Í¨§¨μ´´ÒÌ ¨§³¥·¥´¨° ·¥¤±¨Ì · ¸¶ ¤μ¢ ¶¨μ´μ¢ ¨ ³Õμ´μ¢ ¢ ˆ´-
¸É¨ÉÊÉ¥ �.˜¥··¥·  (PSI, ˜¢¥°Í ·¨Ö) ´  ¸¶¥±É·μ³¥É·¥ PIBETA.

1. ‘�…Š’��Œ…’� PIBETA

„²Ö ¢Ò¶μ²´¥´¨Ö ¶·μ£· ³³Ò ¨§ÊÎ¥´¨Ö ·¥¤±¨Ì · ¸¶ ¤μ¢ ¶¨μ´μ¢ ¨ ³Õμ´μ¢ ³¥¦¤Ê´ ·μ¤-
´μ° ±μ²² ¡μ· Í¨¥° Ë¨§¨±μ¢ ‘˜�, �ˆŸˆ, ˜¢¥°Í ·¨¨, �μ²ÓÏ¨, •μ·¢ É¨¨ ¨ ƒ·Ê§¨¨ ¡Ò²
¸μ§¤ ´ Ï¨·μ±μ ¶¥·ÉÊ·´Ò° ´¥³ £´¨É´Ò° ¸¶¥±É·μ³¥É· PIBETA [1Ä4], μ¶É¨³¨§¨·μ¢ ´´Ò°
¤²Ö ·¥£¨¸É· Í¨¨ ËμÉμ´μ¢ ¨ Ô²¥±É·μ´μ¢ ¢ Ô´¥·£¥É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥ 5Ä150 ŒÔ‚.

‘¶¥±É·μ³¥É· PIBETA, ¨§´ Î ²Ó´μ ¸μ§¤ ´´Ò° ¤²Ö Ô±¸¶¥·¨³¥´É  ¶μ ¨§ÊÎ¥´¨Õ β-· ¸-
¶ ¤  § ·Ö¦¥´´μ£μ ¶¨μ´ , ¢±²ÕÎ ² ¢ ¸¥¡Ö ¸²¥¤ÊÕÐ¨¥ £² ¢´Ò¥ Ô²¥³¥´ÉÒ (·¨¸. 1):

1) ¶ÊÎ±μ¢Ò° ¸Î¥ÉÎ¨± BC, ¤¢  Í¨²¨´¤·¨Î¥¸±¨Ì  ±É¨¢´ÒÌ ±μ²²¨³ Éμ·  AC1 ¨ AC2,
 ±É¨¢´Ò° § ³¥¤²¨É¥²Ó AD ¨  ±É¨¢´ÊÕ ³¨Ï¥´Ó AT ¤²Ö μ¸É ´μ¢±¨ ¶¨μ´μ¢;

2) Í¨²¨´¤·¨Î¥¸±¨¥ ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ ± ³¥·Ò (MWPC1 ¨ MWPC2) ¤²Ö ¤¥É¥±É¨·μ¢ -
´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í;

3) ¸¥£³¥´É¨·μ¢ ´´Ò¥ ¸Í¨´É¨²²ÖÍ¨μ´´Ò¥ ¸Î¥ÉÎ¨±¨ Í¨²¨´¤·¨Î¥¸±μ£μ £μ¤μ¸±μ¶  ¡Ò-
¸É·μ£μ § ¶·¥É  ¨ ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í PV, · ¸¶μ²μ¦¥´´Ò¥ ¢μ±·Ê£ MWPC;

4) ¸¥£³¥´É¨·μ¢ ´´Ò° ¡Ò¸É·Ò° ²¨¢´¥¢Ò° ± ²μ·¨³¥É· CsI ¸ ¢Ò¸μ±¨³ · §·¥Ï¥´¨¥³,
¨³¥ÕÐ¨° Ï ·μμ¡· §´ÊÕ Ëμ·³Ê ¸ μÉ¢¥·¸É¨Ö³¨ ¶μ μ¸¨ ¶ÊÎ± , Î¥·¥§ ±μÉμ·Ò¥ ¢Ìμ¤¨É ¶ÊÎμ±
¶¨μ´μ¢ ¨ ¢Ò¢μ¤ÖÉ¸Ö ¸¢¥Éμ¢Ò¥ ¨ Ô²¥±É·¨Î¥¸±¨¥ ¸¨£´ ²Ò μÉ ¤¥É¥±Éμ·μ¢, · ¸¶μ²μ¦¥´´ÒÌ ¢
Í¥´É·¥ Ï · ;

5) ¸Î¥ÉÎ¨±¨ ®±μ¸³¨Î¥¸±μ£μ ¢¥Éμ¯ ¢μ±·Ê£ Ê¸É ´μ¢±¨ ¤²Ö ¶μ¤ ¢²¥´¨Ö Ëμ´  μÉ ±μ¸³¨Î¥-
¸±¨Ì ²ÊÎ¥° (´¥ ¶μ± § ´Ò).

�¨¸. 1. ‘Ì¥³  ¸¶¥±É·μ³¥É·  PIBETA ¤²Ö ¨§ÊÎ¥´¨Ö β-· ¸¶ ¤  ¶¨μ´  (2004 £.)



484 �μÎ ´¨Î „. ¨ ¤·.

�¨¸. 2. Š ²μ·¨³¥É· ´  ¶² ÉËμ·³¥ ( ) ¨ Î ¸ÉÓ ¸Ë¥·Ò (¢¨¤´Ò ±·¨¸É ²²Ò ¢´ÊÉ·¨ ¸Ë¥·Ò) ±·Ê¶´Ò³
¶² ´μ³ (¡)

�²¥±É·μ³ £´¨É´Ò° ± ²μ·¨³¥É· Ö¢²Ö¥É¸Ö μ¸´μ¢´Ò³ ¤¥É¥±Éμ·μ³ ¸¶¥±É·μ³¥É·  (·¨¸. 2).
�´ ¸¤¥² ´ ¨§ ±·¨¸É ²²μ¢ Î¨¸Éμ£μ CsI [5, 6]. …£μ Ì · ±É¥·¨¸É¨±¨: É¥²¥¸´Ò° Ê£μ² ·¥-
£¨¸É· Í¨¨ ∼ 0,77 · 4π; ¢·¥³¥´´μ¥ · §·¥Ï¥´¨¥ ∼ 0,68 ´¸; Ô´¥·£¥É¨Î¥¸±μ¥ · §·¥Ï¥´¨¥
∼ 4−5 %. �¡Ð¨° ¢¥¸ ±·¨¸É ²²μ¢ Î¨¸Éμ£μ CsI 1,6 É. “¸É ´μ¢±  ¢±²ÕÎ ¥É 240 Ê¸¥Î¥´-
´ÒÌ £¥±¸ £μ´ ²Ó´ÒÌ ¨ ¶¥´É £μ´ ²Ó´ÒÌ ¶¨· ³¨¤. „²¨´  ±·¨¸É ²²μ¢ CsI ¸μ¸É ¢²Ö¥É 22 ¸³,
ÎÉμ Ô±¢¨¢ ²¥´É´μ 12 · ¤¨ Í¨μ´´Ò³ ¤²¨´ ³. � ¤¨Ê¸ ¢´¥Ï´¥° ¸Ë¥·¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨
± ²μ·¨³¥É·  · ¢¥´ 48 ¸³.

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¡Ò¸É·ÒÌ (¢·¥³Ö ¢Ò¸¢¥Î¨¢ ´¨Ö 7 ´¸ ¨ 35 ´¸) ¸Î¥ÉÎ¨±μ¢ ¨§ Î¨¸Éμ£μ CsI
μ¡¥¸¶¥Î¨²μ Ê´¨± ²Ó´Ò¥ ¸¢μ°¸É¢  ¸¶¥±É·μ³¥É·  ¨ ¶μ§¢μ²Ö¥É · ¡μÉ ÉÓ ¢ Ê¸²μ¢¨ÖÌ ¢Ò¸μ±μ°
¨´É¥´¸¨¢´μ¸É¨ μ¸É ´μ¢μ± ¶¨μ´μ¢.

„²Ö ¶μ¤ ¢²¥´¨Ö ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨°, ¸¢Ö§ ´´ÒÌ ¸ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ μ¸É -
´μ¢μ± ¶¨μ´μ¢ ¢ ³¨Ï¥´¨ (¤μ 2 · 106 ¸−1), É·¥¡Ê¥É¸Ö ¢Ò¸μ±μ¥ ¤¢ÊÌÉ·¥±μ¢μ¥ · §·¥Ï¥´¨¥
¤²Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í. „²Ö Ô²¥±É·μ³ £´¨É´μ£μ ± ²μ·¨³¥É·  ¸ ¥£μ · §³¥· ³¨, £¥μ-

�¨¸. 3. ‘¡μ·±  Í¨²¨´¤·¨Î¥¸±¨Ì ³´μ£μ¶·μ¢μ-

²μÎ´ÒÌ ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ ± ³¥· ¶¥·¥¤ Ê¸É -
´μ¢±μ° ¢ ¸¶¥±É·μ³¥É·

³¥É·¨¥° ¨ ¸¥£³¥´É Í¨¥° ¢μ§³μ¦´μ¸É¨ ³´μ£μ-
²¨¢´¥¢μ£μ · §·¥Ï¥´¨Ö μ£· ´¨Î¥´Ò ¶·¨³¥·´μ
0,004 · 4π ¶μ É¥²¥¸´μ³Ê Ê£²Ê.

‘ Í¥²ÓÕ ¶μ¢ÒÏ¥´¨Ö ³´μ£μÉ·¥±μ¢μ£μ · §-
·¥Ï¥´¨Ö ¢ ‹Ÿ� �ˆŸˆ ¡Ò² ¸μ§¤ ´ É·¥±μ¢Ò°
¤¥É¥±Éμ· ¢ ¢¨¤¥ ¤¢ÊÌ ®¡¥§³ ¸¸μ¢ÒÌ¯ (· ¤¨ -
Í¨μ´´ Ö ¤²¨´  1,442 ¨ 1,959 ¸μμÉ¢¥É¸É¢¥´´μ)
³´μ£μ¶·μ¢μ²μÎ´ÒÌ Í¨²¨´¤·¨Î¥¸±¨Ì ¶·μ¶μ·-
Í¨μ´ ²Ó´ÒÌ ± ³¥· ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Ô²¥±-
É·μ´¨±μ° [7Ä9] (·¨¸. 3).

�É¨ ± ³¥·Ò μ¡¥¸¶¥Î¨¢ ÕÉ ¨§³¥·¥´¨¥ ±μ-
μ·¤¨´ É r−ϕ ¨ z (¢¤μ²Ó ¶·μ¢μ²μÎ±¨) É·¥-
±μ¢ Ô²¥±É·μ´μ¢ ¸ ¢Ò¸μ±μ° ÔËË¥±É¨¢´μ¸ÉÓÕ
·¥£¨¸É· Í¨¨ > 98 % ¶·¨ ¢Ò¸μ±¨Ì § £·Ê§± Ì
(¡μ²¥¥ 107 ¸−1),   ¢·¥³¥´´μ¥ · §·¥Ï¥´¨¥
³¥´ÓÏ¥ 25 ´¸, ¨ μ¡² ¤ ÕÉ ³ ²Ò³ ±μ²¨Î¥-

¸É¢μ³ ¢¥Ð¥¸É¢  ¤²Ö Ê³¥´ÓÏ¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ±μ´¢¥·¸¨¨ γ-±¢ ´É  ¢ e+e−-¶ ·Ê [8]. �¡Ð¥¥
Î¨¸²μ ± ´ ²μ¢ ·¥£¨¸É· Í¨¨ ± ³¥·: 576  ´μ¤´ÒÌ ¨ 640 ± Éμ¤´ÒÌ.
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‘¥£³¥´É¨·μ¢ ´´Ò¥ ¸Í¨´É¨²²ÖÍ¨μ´´Ò¥ ¸Î¥ÉÎ¨±¨ Í¨²¨´¤·¨Î¥¸±μ£μ £μ¤μ¸±μ¶  ¡Ò¸É·μ-
£μ § ¶·¥É  ¨ ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í PV, · ¸¶μ²μ¦¥´´Ò¥ ¢μ±·Ê£ MWPC ¢ ±μ³¡¨´ Í¨¨ ¸
¶μ¸²¥¤´¨³¨, μ¡¥¸¶¥Î¨¢ ÕÉ ÔËË¥±É¨¢´ÊÕ ·¥£¨¸É· Í¨Õ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ¶·¥Í¨§¨μ´-
´μ° ¢·¥³¥´´μ° ÉμÎ´μ¸ÉÓÕ ±0,3 ´¸.

‘¶¥±É·μ³¥É· PIBETA Ê¸É ´μ¢²¥´ ¢ PSI ´  ¶¨μ´´μ³ ¶ÊÎ±¥ πE1 [10]. ‚Éμ·¨Î´Ò¥
Î ¸É¨ÍÒ ¨§ ³¨Ï¥´¨, ¶μ¸²¥ · ¸¶ ¤  μ¸É ´μ¢¨¢Ï¨Ì¸Ö ¢ ´¥° ¶¨μ´μ¢, ·¥£¨¸É·¨·ÊÕÉ¸Ö Í¨-
²¨´¤·¨Î¥¸±¨³¨ ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ ± ³¥· ³¨, £μ¤μ¸±μ¶μ³ ¨ ± ²μ·¨³¥É·μ³.

Œ¨Ï¥´Ó, § ³¥¤²¨É¥²Ó, ±μ²²¨³ Éμ·Ò ´ §Ò¢ ÕÉ¸Ö  ±É¨¢´Ò³¨, ¶μ¸±μ²Ó±Ê ¨§£μÉμ¢²¥´Ò
¨§ ¶² ¸É¨Î¥¸±μ£μ ¸Í¨´É¨²²ÖÉμ·  ¨ ¸¨£´ ²Ò ¸ ´¨Ì ¸´¨³ ÕÉ¸Ö ¸ ¶μ³μÐÓÕ ”�“.

’·¨££¥· Ê¸É ´μ¢±¨ PIB…’� μ¡¥¸¶¥Î¨¢ ¥É μ¤´μ¢·¥³¥´´ÊÕ ·¥£¨¸É· Í¨Õ · §²¨Î´ÒÌ
¶·μÍ¥¸¸μ¢, ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¢ ¤¥É¥±Éμ·¥ ¨ μÉ²¨Î ÕÐ¨Ì¸Ö ¤·Ê£ μÉ ¤·Ê£  ¢·¥³¥´´Ò³¨, Ô´¥·£¥-
É¨Î¥¸±¨³¨ ¨²¨ ²μ£¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨. ‚¸¥£μ ¡Ò²μ § ¤¥°¸É¢μ¢ ´μ 12 ¢ ·¨ ´Éμ¢ É·¨£-
£¥· . �´¨ μ¡¥¸¶¥Î¨¢ ²¨ ·¥£¨¸É· Í¨Õ μ¤¨´μÎ´ÒÌ ¸μ¡ÒÉ¨°,   É ±¦¥ ¤¢μ°´ÒÌ ¸μ¢¶ ¤¥´¨°
¸¨£´ ²μ¢ ¢ ± ²μ·¨³¥É·¥ μÉ¤¥²Ó´μ ¸ ´¨§±¨³ ¨ ¸ ¢Ò¸μ±¨³ Ê·μ¢´¥³ ¢Ò¤¥²Ö¥³μ° ¢ ±·¨¸É ²-
² Ì Ô´¥·£¨¨. �·¨ ÔÉμ³ · §¤¥²Ö²¨¸Ó ¸μ¡ÒÉ¨Ö, ¸μ¢¶ ¤ ÕÐ¨¥ ¸ ³μ³¥´Éμ³ μ¸É ´μ¢±¨ ¶¨μ´ 
¢ ³¨Ï¥´¨, ¨ ¸μ¡ÒÉ¨Ö, § ¤¥·¦ ´´Ò¥ μÉ´μ¸¨É¥²Ó´μ ÔÉμ£μ ³μ³¥´É . 	Ò² μ·£ ´¨§μ¢ ´ ± ´ ²
É·μ°´ÒÌ ¸μ¢¶ ¤¥´¨°,   É ±¦¥ ± ´ ² ·¥£¨¸É· Í¨¨ ¸²ÊÎ °´ÒÌ, ´¨ ¸ Î¥³ ´¥ ¸¢Ö§ ´´ÒÌ ¸¨£-
´ ²μ¢ ¢ ¤¥É¥±Éμ·¥ (±μ¸³¨± ). ˆ³¥² ¸Ó ¢μ§³μ¦´μ¸ÉÓ ¢Ò¤ ¢ ÉÓ ¢ μ¡Ð¨° É·¨££¥· ´¥ ± ¦¤Ò°
¸¨£´ ², ¢μ§´¨± ÕÐ¨° ¢ μÉ¤¥²Ó´μ³ ±μ´±·¥É´μ³ ± ´ ²¥,   Éμ²Ó±μ μ¤¨´ ¨§ 2n ¶μ¸ÉÊ¶¨¢Ï¨Ì
¸¨£´ ²μ¢ (®¶¥·¥¸Î¨É ´´Ò°¯ ¢ 2n · § É·¨££¥·).

2. β-��‘��„ �ˆ���

β-· ¸¶ ¤ ¶¨μ´   ´ ²μ£¨Î¥´ ¸¢¥·Ì· §·¥Ï¥´´μ³Ê Î¨¸Éμ³Ê Ë¥·³¨-¶¥·¥Ìμ¤Ê ¢ Ö¤¥·´ÒÌ
β-· ¸¶ ¤ Ì (0+−0+), μ¤´ ±μ μ´ Ö¢²Ö¥É¸Ö Ê´¨± ²Ó´Ò³, ¶μÉμ³Ê ÎÉμ ¢ ´¥³ ÊÎ ¸É¢ÊÕÉ Éμ²Ó±μ
²¥£±¨¥  ¤·μ´Ò. ˆ§³¥·¥´¨¥ ¢¥·μÖÉ´μ¸É¨ β-· ¸¶ ¤  ¶¨μ´  π+ → π0e+ν ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ
¨§ÊÎ¥´¨Ö ¸² ¡μ£μ u−d-¸³¥Ï¨¢ ´¨Ö ±¢ ·±μ¢ ¨ ¶·μ¢¥·±¨ Ê´¨É ·´μ¸É¨ ³ É·¨ÍÒ Š ¡¨¡¡μÄ
Šμ¡ ÖÏ¨ÄŒ ¸± ¢Ò (‘ŠŒ). �·¥Í¨§¨μ´´μ¥ ¨§³¥·¥´¨¥ Vud ¶·μ¢¥·Ö¥É ±¢ ·±-²¥¶Éμ´´ÊÕ
Ê´¨¢¥·¸ ²Ó´μ¸ÉÓ ¨, É ±¨³ μ¡· §μ³, ± ¸ ¥É¸Ö ´¥±μÉμ·ÒÌ  ¸¶¥±Éμ¢ Ë¨§¨±¨ §  ¶·¥¤¥² ³¨
³¨´¨³ ²Ó´μ° ‘É ´¤ ·É´μ° ³μ¤¥²¨ (‘Œ) [11Ä13].

‘μ£² ¸´μ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¤²Ö ³ É·¨ÍÒ Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò

V =

⎛
⎜⎝

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞
⎟⎠

¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö ¶· ¢¨²μ |Vud|2 + |Vus|2 + |Vub|2 = 1.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ É·Ê¤´μ¸É¨ ¨§ÊÎ¥´¨Ö β-· ¸¶ ¤  § ·Ö¦¥´´ÒÌ ¶¨μ´μ¢ ¢μ§´¨± ÕÉ ¨§-

§  μÎ¥´Ó ³ ²μ° ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ´  Ê·μ¢´¥ 10−8. ‚¶¥·¢Ò¥ β-· ¸¶ ¤ ¶¨μ´  ´ ¡²Õ-
¤ ²¸Ö ¢ ‹Ÿ� �ˆŸˆ ¢ 1962 £. £·Ê¶¶μ° 
.„.�·μ±μÏ±¨´  [14]. 	Ò²μ § ·¥£¨¸É·¨·μ¢ ´μ
Î¥ÉÒ·¥ ¸μ¡ÒÉ¨Ö. �ÉμÉ Ô±¸¶¥·¨³¥´É ¸É ² ¶¥·¢Ò³ ¶μ¤É¢¥·¦¤¥´¨¥³ § ±μ´  CVC, ¢¶¥·-
¢Ò¥ ¸Ëμ·³Ê²¨·μ¢ ´´μ£μ ‘. ‘. ƒ¥·ÏÉ¥°´μ³ ¨ Ÿ. 	. ‡¥²Ó¤μ¢¨Î¥³ [15] ¢ 1956 £., ¨ ¢Ò§¢ ²
¸¥·¨Õ ¨§³¥·¥´¨° β-· ¸¶ ¤  ¶¨μ´ , ¶·μ¢¥¤¥´´ÒÌ ¢ · §²¨Î´ÒÌ ² ¡μ· Éμ·¨ÖÌ. ‚ É ¡². 1
¶·¥¤¸É ¢²¥´Ò μ¸´μ¢´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¨¸¸²¥¤μ¢ ´¨Õ β-· ¸¶ ¤  § ·Ö¦¥´´ÒÌ ¶¨μ´μ¢.
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’ ¡²¨Í  1. �±¸¶¥·¨³¥´ÉÒ ¶μ ¨§³¥·¥´¨Õ · ¸¶ ¤  π+ → π0e+ν

�±¸¶¥·¨³¥´É ƒμ¤ ‘É É¨¸É¨±  �Ê¡²¨± Í¨Ö

�ˆŸˆ 1962 4 [14]
–…�� 1963 52 [16]
Columbia University 1964 36 [17]
�ˆŸˆ 1965 43 [18]
Carnegie Tech Synchrocyclotron 1965 [19]
Lowrence Radiation Laboratory 1965 38 [20]
–…�� 1968 332 [21]
LAMPF 1985 1224 [22]
PSI (PIBETA) 2004 64 · 103 [23]

�¨¸. 4. �´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· π0 ( ), · ¸¶·¥¤¥²¥´¨¥ · §´μ¸É¨ ¶μ ¢·¥³¥´¨ ·¥£¨¸É· Í¨¨ γ-±¢ ´Éμ¢

μÉ · ¸¶ ¤  π0 → γγ (¡) ¨ · ¸¶·¥¤¥²¥´¨¥ ¶μ Ê£²Ê ³¥¦¤Ê ´¨³¨ (¢)
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’ ± ± ± ¢ ¢Ò· ¦¥´¨¥ ¤²Ö μ¶·¥¤¥²¥´¨Ö ¢¥·μÖÉ´μ¸É¨ β-· ¸¶ ¤  § ·Ö¦¥´´μ£μ ¶¨μ´ 
¢Ìμ¤¨É Vud-³ É·¨Î´Ò° Ô²¥³¥´É ³ É·¨ÍÒ Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò, Éμ ¶·¥Í¨§¨μ´´μ¥
¨§³¥·¥´¨¥ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ §´ Î¥´¨¥ ³ É·¨Î´μ£μ Ô²¥³¥´É  Vud

¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ, ÎÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢¥¸É¨ É¥¸É ‘É ´¤ ·É´μ°
³μ¤¥²¨, ¶·μ¢¥·ÖÖ Ê´¨É ·´μ¸ÉÓ ³ É·¨ÍÒ CKM.

„²Ö ¨§ÊÎ¥´¨Ö β-· ¸¶ ¤  § ·Ö¦¥´´ÒÌ ¶¨μ´μ¢ ´  Ê¸É ´μ¢±¥ PIBETA ¢ 1999Ä2001 ££. ¡Ò²
μ¸ÊÐ¥¸É¢²¥´ ´ ¡μ· ¤ ´´ÒÌ [23]. ‚ Ô±¸¶¥·¨³¥´É¥ ¨¸¶μ²Ó§μ¢ ²¸Ö ¶ÊÎμ± ¶¨μ´μ¢ ¸ ¨³¶Ê²Ó-
¸μ³ 113,4 ŒÔ‚/c, ΔP/P = 1,3 % (FWHM) ¨ ´μ³¨´ ²Ó´μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ 1,4 · 106 ¸−1

¶·¨ Éμ±¥ Ê¸±μ·¨É¥²Ö 1,7 ³�. „μ¸É¨£´Ê¢ ¤¥É¥±Éμ·  ¸ μÉ´μ¸¨É¥²Ó´μ ¢Ò¸μ±¨³ ¨³¶Ê²Ó¸μ³,
¶¨μ´Ò ¶μ¶ ¤ ÕÉ ¢  ±É¨¢´Ò° § ³¥¤²¨É¥²Ó, ±μÉμ·Ò° Ê³¥´ÓÏ ¥É ¨Ì ¸·¥¤´ÕÕ ±¨´¥É¨Î¥-
¸±ÊÕ Ô´¥·£¨Õ ¸ 40,3 ¤μ 27,6 ŒÔ‚. ‚Ò¡μ· ¨³¶Ê²Ó¸  ¶ÊÎ±  μ¶·¥¤¥²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ
Ìμ·μÏ¥£μ · §¤¥²¥´¨Ö ¶¨μ´μ¢, ¶μ§¨É·μ´μ¢ ¨ ³Õμ´μ¢ ¢ ¶ÊÎ±¥ ¶μ ¢·¥³¥´¨ ¶·μ²¥É .

‡  ¢¸¥ ¢·¥³Ö ´ ¡μ·  ¸É É¨¸É¨±¨ ¡Ò²μ § ·¥£¨¸É·¨·μ¢ ´μ 64 · 103 ¸μ¡ÒÉ¨° ¶·¨ ¢¸¥°
¶·¥¤Ò¤ÊÐ¥° ³¨·μ¢μ° ¸É É¨¸É¨±¥ 1770. �¥£¨¸É· Í¨Ö μ¸É ´μ¢¨¢Ï¨Ì¸Ö ¢ ³¨Ï¥´¨ ¨ · ¸-
¶ ¢Ï¨Ì¸Ö ¶μ ± ´ ²Ê π+ → π0e+ν ¶¨μ´μ¢ ¶·μ¨§¢μ¤¨² ¸Ó ¶μ · ¸¶ ¤Ê π0 → γγ. �·¨
ÔÉμ³ · §²¥É ÕÐ¨¥¸Ö ¶μ¤ Ê£²μ³ ∼ 176◦ γ-±¢ ´ÉÒ ¤¥É¥±É¨·μ¢ ²¨¸Ó ¢ ¸Ë¥·¨Î¥¸±μ³ Ô²¥±-
É·μ³ £´¨É´μ³ ± ²μ·¨³¥É·¥. �  ·¨¸. 4 ¶μ± § ´Ò ¨§³¥·¥´´Ò¥ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· π0,
¢·¥³¥´´μ¥ ¨ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ γ-±¢ ´Éμ¢ ¢ · ¸¶ ¤¥ π0 → γγ. „²Ö ´μ·³¨·μ¢±¨
¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  β-· ¸¶ ¤  ¶¨μ´  ¨¸¶μ²Ó§μ¢ ²¸Ö · ¸¶ ¤ π+ → e+ν.

‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¥´μ ´μ¢μ¥ §´ Î¥´¨¥ μÉ´μ¸¨É¥²Ó´μ° ¢¥·μÖÉ´μ¸É¨ β-· ¸¶ ¤  ¶¨μ´ ,
Γ(πβ) = [1,036 ± 0,004 (¸É É.) ± 0,004 (¸¨¸É.) ± 0,003(π+ → e+ν)] · 10−8 (É·¥ÉÓÖ μÏ¨¡± 
¸¢Ö§ ´  ¸ ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ ¢ §´ Î¥´¨¨ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  π+ → e+ν), ¸ ÉμÎ´μ¸ÉÓÕ
¶μÎÉ¨ ´  ¶μ·Ö¤μ± ¡μ²ÓÏ¥°, Î¥³ ¡Ò²  ¨§¢¥¸É´  · ´¥¥. �Éμ §´ Î¥´¨¥ ´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨
¸μ ‘É ´¤ ·É´μ° ³μ¤¥²ÓÕ ¨ § ±μ´μ³ ¸μÌ· ´¥´¨Ö ¢¥±Éμ·´μ£μ Éμ± .

‚ ¦´Ò³ ·¥§Ê²ÓÉ Éμ³, ¨§¢²¥Î¥´´Ò³ ¨§ ´ ¡· ´´μ° ¸É É¨¸É¨±¨, Ö¢²Ö¥É¸Ö §´ Î¥´¨¥ ³ -
É·¨Î´μ£μ Ô²¥³¥´É  Vud ³ É·¨ÍÒ ‘ŠŒ Vud (PIBETA) = 0,9728(30), ÎÉμ, ¢ ¶·¥¤¥² Ì μÏ¨¡-
±¨, ¸μ¢¶ ¤ ¥É ¸ ¶·¨¢¥¤¥´´Ò³ ¢ PDG §´ Î¥´¨¥³ Vud (PDG) = 0,97417(21) [24].

�μ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´ ¨¡μ²¥¥ ¸É·μ£ÊÕ ¶·μ¢¥·±Ê Ê´¨¢¥·¸ ²Ó´μ-
¸É¨ CVC ¨ Š ¡¨¡¡μ ¢ ³¥§μ´´μ³ ¸¥±Éμ·¥. �±ÉÊ ²Ó´μ¸ÉÓ ¤ ²Ó´¥°Ï¥£μ ¶·μ¤μ²¦¥´¨Ö Ô±¸-
¶¥·¨³¥´É  ¸´¨³ ¥É¸Ö ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨³¥´É  E865 ¢ BNL [25] ¨ ¶μ¸²¥¤ÊÕÐ¥° ¶¥·¥-
´μ·³¨·μ¢±μ° Vus, ÎÉμ Ê¸É· ´¨²μ ¤ ¢´¨° (2−3)σ ¤¥Ë¨Í¨É ¢ Ê´¨É ·´μ¸É¨ ³ É·¨ÍÒ ‘ŠŒ.

3. ��„ˆ�–ˆ���›‰ ��‘��„ �ˆ���

‚¶¥·¢Ò¥ · ¤¨ Í¨μ´´Ò° · ¸¶ ¤ ¶¨μ´  π+ → e+νγ (RPD) ´ ¡²Õ¤ ²¸Ö ¢ 1963 £. [26].
„μ 1990 £. ¡Ò²μ ¶·μ¢¥¤¥´μ ¥Ð¥ ´¥¸±μ²Ó±μ Ô±¸¶¥·¨³¥´Éμ¢ [27Ä30],   μ¡Ð¥¥ Î¨¸²μ § ·¥£¨-
¸É·¨·μ¢ ´´ÒÌ ¸μ¡ÒÉ¨° RPD ¢μ ¢¸¥Ì ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¸μ¸É ¢¨²μ μ±μ²μ 1300. ‚ É ¡². 2
¶·¨¢¥¤¥´  ¸É É¨¸É¨± , ´ ¡· ´´ Ö ¢ Ô±¸¶¥·¨³¥´É Ì.

ˆ´É¥·¥¸ ± · ¤¨ Í¨μ´´μ³Ê · ¸¶ ¤Ê ¶¨μ´  μ¡Ê¸²μ¢²¥´ ·Ö¤μ³ ¶·¨Î¨´. ‚μ-¶¥·¢ÒÌ, ¢ ÔÉμ³
· ¸¶ ¤¥ ³μ¦´μ ¨§ÊÎ ÉÓ ± ± ¢¥±Éμ·´Ò°, É ± ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò° ¸² ¡Ò¥  ¤·μ´´Ò¥
Éμ±¨, ¤ ÕÐ¨¥ ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê · ¸¶ ¤  ¶¨μ´ . ‚μ-¢Éμ·ÒÌ, ¶ · ³¥É·Ò ÔÉμ£μ · ¸¶ ¤ 
¶·¨μ¡·¥É ÕÉ ËÊ´¤ ³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ¢ ¸¨²Ê Éμ£μ, ÎÉμ ¶¨μ´ Ö¢²Ö¥É¸Ö ¶·μ¸É¥°Ï¨³
 ¤·μ´μ³. RPD ³μ¦´μ É ±¦¥ · ¸¸³ É·¨¢ ÉÓ ± ± ¨¸ÉμÎ´¨± ¨´Ëμ·³ Í¨¨ μ ¸É·Ê±ÉÊ·¥ ¶¨μ´ .
„¨ £· ³³Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ÔÉμÉ · ¸¶ ¤, ¶μ± § ´Ò ´  ·¨¸. 5.
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’ ¡²¨Í  2. �±¸¶¥·¨³¥´ÉÒ ¶μ ¨§ÊÎ¥´¨Õ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¶¨μ´ 

�±¸¶¥·¨³¥´É ƒμ¤ ‘É É¨¸É¨±  �Ê¡²¨± Í¨Ö

–…�� 1963 143 [26]
Lowrence Berkeley Laboratory 1978 226 [27]
PSI 1986 653 [28]
LAMPF 1986 179 [29]
ˆŸˆ ��� (ˆ‘’��) 1990 83 [25]
PSI (PIBETA) 2004 42 · 103 [31]
PSI (PIBETA) 2009 65 · 103 [32]

�¨¸. 5. ‘É ´¤ ·É´Ò¥ ¤¨ £· ³³Ò ¢´ÊÉ·¥´´¥£μ Éμ·³μ§´μ£μ ¨§²ÊÎ¥´¨Ö ¨ ¸É·Ê±ÉÊ·´μ-§ ¢¨¸¨³μ° Î ¸É¨

¤²Ö · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¶¨μ´ 

‚ ¸É ´¤ ·É´μ³ μ¶¨¸ ´¨¨  ³¶²¨ÉÊ¤  · ¸¶ ¤  ¸μ¸Éμ¨É ¨§ ¢´ÊÉ·¥´´¥£μ Éμ·³μ§´μ£μ ¨§²Ê-
Î¥´¨Ö (IB), ¸É·Ê±ÉÊ·´μ-§ ¢¨¸¨³ÒÌ (SD±) ¨ ¨´É¥·Ë¥·¥´Í¨μ´´ÒÌ Î²¥´μ¢ [33]. �·¨ ÔÉμ³
Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥ ¸¨²Ó´μ ¶μ¤ ¢²¥´μ ¢¸²¥¤¸É¢¨¥ ³ ²μ° ³ ¸¸Ò Ô²¥±É·μ´ . ”Ê´±Í¨¨ SD
¶ · ³¥É·¨§ÊÕÉ¸Ö ¢¥±Éμ·´Ò³ FV ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò³ FA Ëμ·³Ë ±Éμ· ³¨.

„²¨É¥²Ó´μ¥ ¢·¥³Ö RPD · ¸¸³ É·¨¢ ²¸Ö ± ± Ê´¨± ²Ó´ Ö ¸¨¸É¥³  ¤²Ö ¨§ÊÎ¥´¨Ö Ë¨-
§¨±¨ §  · ³± ³¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨. �Éμ ¡Ò²μ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¢ Ô±¸¶¥·¨³¥´É¥
ˆ‘’�� [30], ¢ ±μÉμ·μ³ ¨¸¸²¥¤μ¢ ²¸Ö · ¤¨ Í¨μ´´Ò° · ¸¶ ¤ μÉ·¨Í É¥²Ó´ÒÌ ¶¨μ´μ¢ ´ 
²¥ÉÊ, ¢ ·¥§Ê²ÓÉ É¥  ´ ²¨§  ¶μ²ÊÎ¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¡Ò²μ ¸¤¥² ´μ § ±²ÕÎ¥-
´¨¥, ÎÉμ μ¡Ð¨° ¢ÒÌμ¤ RPD ¶·¨³¥·´μ ´  30 % ³¥´ÓÏ¥ μ¦¨¤ ¥³μ£μ. ’ ±μ° ³ ²Ò° ¢ÒÌμ¤
´¥²Ó§Ö ¡Ò²μ μ¡ÑÖ¸´¨ÉÓ · ¤¨ Í¨μ´´Ò³¨ ¶μ¶· ¢± ³¨, ¶μÔÉμ³Ê ¡Ò²μ ¢Ò¸± § ´μ ¶·¥¤¶μ²μ-
¦¥´¨¥, ÎÉμ É ± Ö  ´μ³ ²¨Ö ³μ¦¥É ¡ÒÉÓ ¢Ò§¢ ´  ´ ²¨Î¨¥³ ¤μ¶μ²´¨É¥²Ó´μ£μ É¥´§μ·´μ£μ
Éμ±  ¢  ³¶²¨ÉÊ¤¥, Ì · ±É¥·¨§Ê¥³μ£μ É¥´§μ·´Ò³ Ëμ·³Ë ±Éμ·μ³ FT [34, 35].

’¥μ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö §´ Î¥´¨° Ëμ·³Ë ±Éμ·μ¢ Ö¢²ÖÕÉ¸Ö ³μ¤¥²Ó´μ-§ ¢¨¸¨³Ò³¨.
‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ £¨¶μÉ¥§μ° ¸μÌ· ´¥´¨Ö ¢¥±Éμ·´μ£μ Éμ±  (CVC) ¢¥±Éμ·´Ò° Ëμ·³Ë ±-
Éμ· FV , μ¶·¥¤¥²Ö¥³Ò° ³ ¸¸μ° ¨ ¢·¥³¥´¥³ ¦¨§´¨ π0-³¥§μ´  [15, 36, 37], · ¢¥´ 255(3)·10−4
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(¢·¥³Ö ¦¨§´¨ π0-³¥§μ´  (8,52 ± 0,18) · 10−17 ¸ [24]). ‚ÒÎ¨¸²¥´¨Ö ¢ · ³± Ì ±¨· ²Ó´μ°
¶¥·ÉÊ·¡ É¨¢´μ° É¥μ·¨¨ μ¶·¥¤¥²ÖÕÉ §´ Î¥´¨¥ FA ¢ ¨´É¥·¢ ²¥ 0,010Ä0,012 [38Ä41].

� ¡μ· ¸É É¨¸É¨±¨ ¤²Ö ¨§ÊÎ¥´¨Ö · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¶¨μ´  μ¸ÊÐ¥¸É¢²Ö²¸Ö μ¤´μ-
¢·¥³¥´´μ ¸ ´ ¡μ·μ³ ¤ ´´ÒÌ ¤²Ö ¨§ÊÎ¥´¨Ö β-· ¸¶ ¤  ¶¨μ´  ¢ 1999Ä2000 ££.,   É ±¦¥ ¢
· ³± Ì μÉ¤¥²Ó´μ£μ Ô±¸¶¥·¨³¥´É  ¢ 2004 £. ˆ´É¥´¸¨¢´μ¸ÉÓ μ¸É ´μ¢μ± ¶¨μ´μ¢ ¢ ³¨Ï¥´¨
¢ 1999Ä2000 ££. ¡Ò²  ∼ 8 · 105 ¸−1 [23]. ‘ Í¥²ÓÕ ¶μ²ÊÎ¥´¨Ö ¡μ²¥¥ ± Î¥¸É¢¥´´ÒÌ ¤ ´´ÒÌ
¡Ò² ¶·¥¤²μ¦¥´ ¨ ¢ 2004 £. ¶·μ¢¥¤¥´ ´μ¢Ò° Ô±¸¶¥·¨³¥´É [42], ¢ ±μÉμ·μ³ ¨´É¥´¸¨¢´μ¸ÉÓ
μ¸É ´μ¢μ± ¢ ³¨Ï¥´¨ ¡Ò²  Ê³¥´ÓÏ¥´  ¢ ¢μ¸¥³Ó · §. ‚¸¥£μ ¡Ò²μ § ·¥£¨¸É·¨·μ¢ ´μ 65 · 103

¸μ¡ÒÉ¨° · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¶¨μ´ .
‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ±¨´¥³ É¨±μ° · ¸¶ ¤  ¤²Ö  ´ ²¨§  μÉ¡¨· ²¨¸Ó ¸μ¡ÒÉ¨Ö, · ¸¶μ²μ¦¥´-

´Ò¥ ¢ É·¥Ì ±¨´¥³ É¨Î¥¸±¨Ì μ¡² ¸ÉÖÌ (¶μ Ô´¥·£¨Ö³ ¶μ§¨É·μ´  Ee, γ-±¢ ´É  Eγ ¨ Ê£²Ê
³¥¦¤Ê ´¨³¨ θeγ > 40◦):

I : Ee � 51,7 ŒÔ‚, Eγ � 51,7 ŒÔ‚;
II : Ee = (20−51,7) ŒÔ‚, Eγ � 55,6 ŒÔ‚;

III : Ee � 55,6 ŒÔ‚, Eγ = (20−51,7) ŒÔ‚.

�  ·¨¸. 6 ¶μ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ¸μ¡ÒÉ¨° ¶μ ±¨´¥³ É¨Î¥¸±μ° ¶¥·¥³¥´´μ° λ =
(2Ee/mπ) sin2(θeγ/2) ¤²Ö μ¡² ¸É¥° I ¨ II (·¨¸.  ) ¨ ¶μ Ô´¥·£¨¨ Eγ ¤²Ö μ¡² ¸É¥° I ¨ III

�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ ¸μ¡ÒÉ¨° · ¸¶ ¤  π+ → e+νγ ¶μ ±¨´¥³ É¨Î¥¸±μ° ¶¥·¥³¥´´μ° λ ≡
(2Ee/mπ) sin2(θeγ/2) ¢ μ¡² ¸ÉÖÌ I ¨ II ( ) ¨ Ô´¥·£¨¨ γ-±¢ ´Éμ¢ ¤²Ö μ¡² ¸É¥° I ¨ III (¡). ‘¶²μÏ´ Ö

²¨´¨Ö Å ·¥§Ê²ÓÉ É ³μ¤¥²¨·μ¢ ´¨Ö ¸ ²ÊÎÏ¨³¨ §´ Î¥´¨Ö³¨ FV , FA ¨ a
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(·¨¸. ¡). ‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ Ëμ´ ¢ÒÎ¨É ²¸Ö. Œμ¤¥²¨·μ¢ ´¨¥ ¶·μ¢μ¤¨²μ¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¶·μ£· ³³Ò GEANT3 [43]. ‚ ·¥§Ê²ÓÉ É¥ μ¡· ¡μÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¡Ò²μ ·¥-
±μ´¸É·Ê¨·μ¢ ´μ (35948± 194)(0,54 %) ¸μ¡ÒÉ¨° ¢ μ¡² ¸É¨ I, (16246± 331)(2 %) ¸μ¡ÒÉ¨°
¢ μ¡² ¸É¨ II ¨ (13263 ± 161)(1,2 %) ¸μ¡ÒÉ¨° ¢ μ¡² ¸É¨ III.

�·¥¤¶μ² £ ²μ¸Ó, ÎÉμ  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò° Ëμ·³Ë ±Éμ· ¶¨μ´  ²¨´¥°´μ § ¢¨¸¨É μÉ
¨´¢ ·¨ ´É´μ° ³ ¸¸Ò q2 ¶ ·Ò e+ν [44]:

FV = FV (0)(1 + a · q2) ¨ FA(q) = FA(0), q2 = 1 − (2Eγ/mπ).

‡´ Î¥´¨Ö Ëμ·³Ë ±Éμ·μ¢, ¶ · ³¥É·  a, μÉ´μ¸¨É¥²Ó´μ° ¢¥·μÖÉ´μ¸É¨ · ¤¨ Í¨μ´´μ£μ · ¸-
¶ ¤  ¶¨μ´  ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¶ÊÉ¥³ ³¨´¨³¨§ Í¨¨ ³¥Éμ¤μ³ χ2 · §´¨ÍÒ ¸Ê³³ ±¢ ¤· Éμ¢
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨ ¢ÒÎ¨¸²¥´´ÒÌ μÉ´μ¸¨É¥²Ó´ÒÌ ¢¥·μÖÉ´μ¸É¥° c ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ-
£· ³³Ò MINUIT [45].

�·¨ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥´¨¨ FV = 0,0259 ¡Ò²μ ¶μ²ÊÎ¥´μ §´ Î¥´¨¥  ±¸¨ ²Ó´μ£μ
Ëμ·³Ë ±Éμ·  FA = 0,0119(1). ‚ ¸²ÊÎ ¥, ±μ£¤  ¶ · ³¥É·Ò FA, FV ¨ a μ¸É ¢ ²¨¸Ó ¸¢μ¡μ¤-
´Ò³¨, ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö:  ±¸¨ ²Ó´Ò° Ëμ·³Ë ±Éμ· FA = 0,0117(17),
¢¥±Éμ·´Ò° Ëμ·³Ë ±Éμ· FV = 0,0258(17), ¶ · ³¥É· a = 0,10(6).

�É³¥É¨³, ÎÉμ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¶·¨  ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¸μ-
£² ¸ÊÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ ‘Œ. �μ²ÊÎ¥´´μ¥ §´ Î¥´¨¥  ±¸¨ ²Ó´μ£μ Ëμ·³Ë ±Éμ·  FA =
0,0117(17) ¸μ£² ¸Ê¥É¸Ö ¸μ §´ Î¥´¨¥³  ±¸¨ ²Ó´μ£μ Ëμ·³Ë ±Éμ· , ¶μ²ÊÎ¥´´μ£μ ¢ · ³± Ì
±¨· ²Ó´μ° É¥μ·¨¨ [38Ä41]. �μ¤¸É ¢²ÖÖ ¢ Ëμ·³Ê²Ê ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢¥±Éμ·´μ£μ Ëμ·³Ë ±-
Éμ·  ¢ CVC ¶μ²ÊÎ¥´´μ¥ ¶·¨ ³¨´¨³¨§ Í¨¨ §´ Î¥´¨¥ FV = 0,0258(17), ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ
¢·¥³Ö ¦¨§´¨ ´¥°É· ²Ó´μ£μ ¶¨μ´  τ(π0) = (8,5 ± 1,1) · 10−17 ¸.

ˆ¸Ìμ¤Ö ¨§ ¶μ²ÊÎ¥´´ÒÌ §´ Î¥´¨° Ëμ·³Ë ±Éμ·μ¢ ¢ · ³± Ì ±¨· ²Ó´μ° É¥μ·¨¨ ¢ ¶¥·¢μ³
¶·¨¡²¨¦¥´¨¨ [46] ¡Ò²μ ¢ÒÎ¨¸²¥´μ §´ Î¥´¨¥ Ô²¥±É·¨Î¥¸±μ° ¶μ²Ö·¨§Ê¥³μ¸É¨ § ·Ö¦¥´´μ£μ
¶¨μ´  αE = 2,78(10)·10−4 Ë³3. 	μ²¥¥ ÉμÎ´μ¥ §´ Î¥´¨¥ αE ¡Ê¤¥É ¶μ²ÊÎ¥´μ ¶μ¸²¥ μÍ¥´±¨
³μ¤¥²Ó´μ-§ ¢¨¸¨³ÒÌ ¶μ¶· ¢μ±, ¸¢Ö§ ´´ÒÌ ¸ ³ ¸¸μ° ¶¨μ´  ¶μ Ëμ·³Ê²¥ ’¥·¥´ÉÓ¥¢  [47]:

αE − βπ = α/(2πFπ)2MπFA/FV {1 + O(M2
π)}.

‚ ¦´Ò³ ·¥§Ê²ÓÉ Éμ³ · ¡μÉÒ ¸É ²μ Éμ, ÎÉμ ¤²Ö μ¶¨¸ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´-
´ÒÌ ´¥ ¶μÉ·¥¡μ¢ ²¸Ö ¢±² ¤ μÉ É¥´§μ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‘μμÉ¢¥É¸É¢¥´´μ, ¡Ò²μ ¶μ-
²ÊÎ¥´μ μ£· ´¨Î¥´¨¥ ´  ¢¥²¨Î¨´Ê É¥´§μ·´μ£μ Ëμ·³Ë ±Éμ·  −5,2 · 10−4 < FT < 4,0 ×
10−4 (90 % CL).

4. ��‘��„ π+ → e+νe

‡ ¢¥·Ï ÕÐ¨³ ÔÉ ¶μ³ ¨¸¸²¥¤μ¢ ´¨° ´  Ê¸É ´μ¢±¥ PIBETA ¸É ²μ ¨¸¸²¥¤μ¢ ´¨¥ · ¸-
¶ ¤  ¶¨μ´  ´  ¶μ§¨É·μ´ ¨ ´¥°É·¨´μ π+ → e+νe ¢ · ³± Ì Ô±¸¶¥·¨³¥´É  PEN.

�É´μÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¥° · ¸¶ ¤μ¢ ¶¨μ´  Re/μ = Γ(π → eν(γ))/Γ(π → μν(γ)) ¶·¨-
³¥Î É¥²Ó´μ ¢ Éμ³ μÉ´μÏ¥´¨¨, ÎÉμ μ´μ ´¥ § ¢¨¸¨É ¢ £² ¢´μ³ ¶·¨¡²¨¦¥´¨¨ μÉ ±μ´¸É ´É
É¥μ·¨¨ ¨ μ¶·¥¤¥²Ö¥É¸Ö Éμ²Ó±μ ³ ¸¸ ³¨ Î ¸É¨Í. Œ ² Ö ¢¥²¨Î¨´  ÔÉμ£μ μÉ´μÏ¥´¨Ö ¸¢¨¤¥-
É¥²Ó¸É¢Ê¥É μ¡ μÉ¸ÊÉ¸É¢¨¨ ¢±² ¤  ¸± ²Ö·´μ£μ ¢ ·¨ ´É  ¢ ¸² ¡μ³ ¢§ ¨³μ¤¥°¸É¢¨¨ ¨ ¸²Ê¦¨É
¶·μ¢¥·±μ° μ−e-Ê´¨¢¥·¸ ²Ó´μ¸É¨.

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ÔÉμ μÉ´μÏ¥´¨¥ Ö¢²Ö¥É¸Ö ¸¶¨· ²Ó´μ ¶μ¤ ¢²¥´´Ò³ ¢ ‘Œ ¢¸²¥¤¸É¢¨¥
V −A-¸É·Ê±ÉÊ·Ò ±μ´¸É ´É § ·Ö¦¥´´μ£μ Éμ±  ¨ ¶μÔÉμ³Ê Ö¢²Ö¥É¸Ö ÎÊ¢¸É¢¨É¥²Ó´Ò³ ±μ ¢¸¥³
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· ¸Ï¨·¥´¨Ö³ ‘Œ: ¶¸¥¢¤μ¸± ²Ö·´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ [48], ´ ·ÊÏ¥´¨Õ ²¥¶Éμ´´μ° Ê´¨-
¢¥·¸ ²Ó´μ¸É¨ [49], ¢±² ¤ ³ ± ¶μ²Ê²¥¶Éμ´´Ò³ · ¸¶ ¤ ³, ¶μÖ¢²ÖÕÐ¨³¸Ö ¢ Œ¨´¨³ ²Ó´μ°
¸Ê¶¥·¸¨³³¥É·¨Î´μ° ¸É ´¤ ·É´μ° ³μ¤¥²¨ (Œ‘‘Œ) [50]. �É¨ ÔËË¥±ÉÒ μ¦¨¤ ÕÉ¸Ö ¢ μ¡² -
¸É¨ ΔRe/μ/Re/μ � (10−4−10−2), ¨ ¸ÊÐ¥¸É¢Ê¥É ·¥ ²Ó´Ò° Ï ´¸ μ¡´ ·Ê¦¨ÉÓ ¨Ì ¨²¨ Ê¸É -
´μ¢¨ÉÓ ¶·¥¤¥²Ò ´  ¨Ì §´ Î¥´¨Ö ¢ Ô±¸¶¥·¨³¥´É Ì PiENu (TRIUMF) [51] ¨ PEN (PSI) [52],
¢ ±μÉμ·ÒÌ ¶² ´¨·Ê¥É¸Ö Ê¢¥²¨Î¨ÉÓ ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö Re/μ.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μÉ´μÏ¥´¨¥ ¢ÒÎ¨¸²¥´μ ¸ Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ É¥μ·¥É¨Î¥¸±¨,   É ±¦¥
¨§³¥·¥´μ Ô±¸¶¥·¨³¥´É ²Ó´μ. � ¨¡μ²¥¥ ÉμÎ´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ ¢ÒÎ¨¸²¥´¨Ö ¸¤¥² ´Ò ¢ · ³-
± Ì ‘Œ:

Re/μ =
{

(1,2352± 0,0005) · 10−4,

(1,2354 ± 0,0002) · 10−4 [54, 55]

¨ ¢ · ³± Ì ±¨· ²Ó´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Re/μ = (1,2352± 0,0001) · 10−4 [56].
‚ Ô±¸¶¥·¨³¥´É Ì ¤μ 2015 £. ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö μÉ´μÏ¥´¨Ö ¢¥·μÖÉ-

´μ¸É¥° · ¸¶ ¤ :

Rexp
e/μ

= (1,2265 ± 0,0034 (¸É É.) ± 0,0044 (¸¨¸É.)) · 10−4 [57],

Rexp
e/μ

= (1,2346 ± 0,0035 (¸É É.) ± 0,0036 (¸¨¸É.)) · 10−4 [58].

‚ 2015 £. ¡Ò² § ¢¥·Ï¥´ Ô±¸¶¥·¨³¥´É PiENu, ¢ ±μÉμ·μ³ ¶μ²ÊÎ¥´  ÉμÎ´μ¸ÉÓ ¨§³¥·¥-
´¨Ö Re/μΔRe/μ/Re/μ � 1 · 10−3 [53]. ‚ Ô±¸¶¥·¨³¥´É¥ PEN ¶² ´¨·Ê¥É¸Ö ¤μ¸É¨ÎÓ
ΔRe/μ/Re/μ � 5 · 10−4.

� ¸¶ ¤ π+ → e+νe ¢¶¥·¢Ò¥ ´ ¡²Õ¤ ²¸Ö ¢ 1959 £. ¸ ¶μ³μÐÓÕ ³ £´¨É´μ£μ ¸¶¥±É·μ-
³¥É·  ¸ ¤¢μ°´μ° Ëμ±Ê¸¨·μ¢±μ° ´  ¶ÊÎ±¥ ¶¨μ´μ¢ Ë §μÉ·μ´  ¢ —¨± £μ [59]. ‚ É ¡². 3
¶¥·¥Î¨¸²¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¨§ÊÎ¥´¨Õ ÔÉμ£μ · ¸¶ ¤ .

�É´μ¸¨É¥²Ó´ Ö ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  π+ → e+νe ´  3Ä4 ¶μ·Ö¤±  ¡μ²ÓÏ¥, Î¥³ ¨¸¸²¥-
¤μ¢ ´´Ò¥ · ´¥¥ · ¸¶ ¤Ò (π+ → π0e+νe ¨ π+ → e+νeγ). �¤´ ±μ ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉμ
¨§³¥·¥´¨Ö ´μ¸ÖÉ  ¡¸μ²ÕÉ´Ò° Ì · ±É¥· ¨ ¶·μ¨§¢μ¤ÖÉ¸Ö ¸ μÎ¥´Ó ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ, ¡Ò² 
¶·μ¢¥¤¥´  ³μ¤¥·´¨§ Í¨Ö Ê¸É ´μ¢±¨ PIBETA.

ˆ³¶Ê²Ó¸ ¶ÊÎ±  ¡Ò² Ê³¥´ÓÏ¥´ ¤μ ∼ 75−78 ŒÔ‚/¸. ‚¸²¥¤¸É¢¨¥ ¨§³¥´¥´¨Ö ±¨´¥-
É¨Î¥¸±μ° Ô´¥·£¨¨ ¶¨μ´μ¢ ¸ ∼ 40 ¤μ ∼ 20 ŒÔ‚ ¸¥Î¥´¨¥ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢
§ ³¥¤²¨É¥²¥ ¨ ³¨Ï¥´¨ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Ëμ´ μÉ ÔÉ¨Ì ¢§ ¨³μ¤¥°¸É¢¨° Ê³¥´ÓÏ ¥É¸Ö ¡μ-
²¥¥ Î¥³ ´  ¶μ·Ö¤μ±. ‚ ¸¢Ö§¨ ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨¨ ¶¨μ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ Ê³¥´ÓÏ¥´ 
Éμ²Ð¨´   ±É¨¢´μ£μ § ³¥¤²¨É¥²Ö ¨ ³¨Ï¥´¨. “³¥´ÓÏ¥´¨¥ Éμ²Ð¨´Ò § ³¥¤²¨É¥²Ö ¢²¥Î¥É
¤μ¶μ²´¨É¥²Ó´μ¥ Ê³¥´ÓÏ¥´¨¥ Ëμ´  μÉ ¸¨²Ó´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ ´¥¸±μ²Ó±μ · §. ‚ ¦´Ò³
¸²¥¤¸É¢¨¥³ Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¨¨ ¶ÊÎ±  ¶¨μ´μ¢ Ö¢²Ö¥É¸Ö É ±¦¥ Ê³¥´ÓÏ¥´¨¥ Ô´¥·£μ¢Ò¤¥-
²¥´¨Ö ¶¨μ´μ¢ ¶·¨ Éμ·³μ¦¥´¨¨ ¢ ³¨Ï¥´¨ ¤μ μ¸É ´μ¢±¨. �Éμ ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨¢ ¥É

’ ¡²¨Í  3. �±¸¶¥·¨³¥´ÉÒ ¶μ ¨§ÊÎ¥´¨Õ · ¸¶ ¤  π+ → e+νe

�±¸¶¥·¨³¥´É ƒμ¤ ‘É É¨¸É¨±  �Ê¡²¨± Í¨Ö

Enrico Fermi Institute, Chicago 1960 [59]
Columbia University 1964 11Š [60]
TRIUMF 1986 32Š [61]
TRIUMF 1992 190Š [57]
PSI 1993 120Š [58]
TRIUMF (PiENu) 2015 4 000K [53]
PSI (PEN) 2017 22 800K [52]
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�¨¸. 7. Œμ¤¥·´¨§¨·μ¢ ´´Ò° ¸¶¥±É·μ³¥É· PIBETA/PEN. �μ± § ´Ò μ¸´μ¢´Ò¥ Ô²¥³¥´ÉÒ ¢ μ¡² ¸É¨
³¨Ï¥´¨

´ ¤¥¦´μ¸ÉÓ ¤¨¸±·¨³¨´ Í¨¨ ¸μ¡ÒÉ¨° · ¸¶ ¤  π+ → e+νe μÉ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ · ¸-
¶ ¤μ¢ π → μ → e ¢ ³¨Ï¥´¨, É ± ± ± ¢ ÔÉμ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ Ì · ±É¥·´Ò³ Ö¢²Ö¥É¸Ö
¸¨£´ ² μÉ ³Õμ´  ¸ Ô´¥·£¨¥° ∼ 4 ŒÔ‚, ¢μ§´¨± ÕÐ¨° ¶·¨ · ¸¶ ¤¥ π+ → μ+νμ. �Î¥¢¨¤´μ,
ÎÉμ ¶·¨ Ê³¥´ÓÏ¥´¨¨ ¢¥²¨Î¨´Ò ¸¨£´ ²  μÉ μ¸É ´μ¢±¨ ¶¨μ´  ¸¨£´ ² μÉ ³Õμ´  ¢Ò¤¥²Ö¥É¸Ö
´ ³´μ£μ ¡μ²¥¥ Î¥É±μ.

�¤´μ° ¨§ μ¸μ¡¥´´μ¸É¥° ¸¶¥±É·μ³¥É·  ¶·¨ ¨§³¥·¥´¨¨ · ¸¶ ¤  π+ → e+νe Ö¢²Ö¥É¸Ö
¨¸¶μ²Ó§μ¢ ´¨¥ ± ³¥·Ò mTPC [62] ¤²Ö μ¶·¥¤¥²¥´¨Ö ±μμ·¤¨´ É ¶μ¶ ¤ ÕÐ¥£μ ¢ ³¨Ï¥´Ó
¶¨μ´  (·¨¸. 7).

�Éμ ¶μ§¢μ²Ö¥É:

Å ¢¥¸É¨ ³μ´¨Éμ·¨´£ · ¸¶·¥¤¥²¥´¨Ö μ¸É ´μ¢μ± π+ ¨ μ+ ¢ ³¨Ï¥´¨, ÎÉμ ´¥μ¡Ìμ¤¨³μ
¤²Ö ¢ÒÎ¨¸²¥´¨Ö  ±¸¥¶É ´¸  ¤¥É¥±Éμ· ;

Å ¢μ¸¸É ´ ¢²¨¢ ÉÓ ¢¥·Ï¨´Ò · ¸¶ ¤  ¶¨μ´  ¢  ±É¨¢´μ° ³¨Ï¥´¨ ¨ ¶·μ¢μ¤¨ÉÓ ±μ·-
·¥±Í¨Õ ¶μÉ¥·Ó Ô´¥·£¨¨ π+, μ+ ¨ e+ ¸ ÊÎ¥Éμ³ ´¥μ¤´μ·μ¤´μ¸É¨ ¸¢¥Éμ¸¡μ·  ¢  ±É¨¢´μ°
³¨Ï¥´¨;

Å ¢μ¸¸É ´ ¢²¨¢ ÉÓ ¤²¨´Ê É·¥±  e+ ¢ ³¨Ï¥´¨ ¸ Í¥²ÓÕ μ¶·¥¤¥²¥´¨Ö ¶μÉ¥·Ó Ô´¥·£¨¨ e+

¤²Ö ± ¦¤μ£μ μÉ¤¥²Ó´μ£μ ¸μ¡ÒÉ¨Ö;

Å ¨¸±²ÕÎ ÉÓ ¸μ¡ÒÉ¨Ö ¸ π+ ¨ μ+, ±μÉμ·Ò¥ · ¸¶ ²¨¸Ó ´  ²¥ÉÊ.

Š ³¥·  m’�‘ · ¸¶μ² £ ¥É¸Ö ¶¥·¥¤ ³¨Ï¥´ÓÕ AT. Šμ´¸É·Ê±Í¨Ö ¤¥É¥±Éμ·  ¶μ§¢μ²Ö¥É
¨§³¥·ÖÉÓ ±μμ·¤¨´ ÉÒ XY ¢ Î¥ÉÒ·¥Ì ÉμÎ± Ì ¢¤μ²Ó É·¥± , ¢´μ¸Ö ³¨´¨³Ê³ ¤μ¶μ²´¨É¥²Ó´μ£μ
¢¥Ð¥¸É¢  ¢¤μ²Ó ¶ÊÎ± .

‚¸¥£μ ¢ Ô±¸¶¥·¨³¥´É¥ μ¸É ´μ¢²¥´μ 3,75 · 1011 ¶¨μ´μ¢ ¨ § ·¥£¨¸É·¨·μ¢ ´μ 22,8 · 106

· ¸¶ ¤μ¢ π+ → e+ν, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¸É É¨¸É¨Î¥¸±μ° μÏ¨¡±¥ < 5 · 10−4. ‚ ´ ¸ÉμÖ-
Ð¥¥ ¢·¥³Ö § ¢¥·Ï ¥É¸Ö μ¡· ¡μÉ±  ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ. �  ÔÉ¨Ì ¦¥ ¤ ´´ÒÌ ¶·μ¢μ¤¨É¸Ö
¨§ÊÎ¥´¨¥ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ³Õμ´  μ+ → e+ννγ ´  ¸É É¨¸É¨±¥ 106 ¸μ¡ÒÉ¨°.

ŒÕμ´´Ò° · ¸¶ ¤, Î¨¸ÉÒ° Ô²¥±É·μ¸² ¡Ò° ¶·μÍ¥¸¸ ¸ ÊÎ ¸É¨¥³ Éμ²Ó±μ ²¥¶Éμ´μ¢, ¨£· ¥É
μ¸μ¡ÊÕ ·μ²Ó ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ± ± ¶·μÍ¥¸¸, ¨¸¶μ²Ó§Ê¥³Ò° ¤²Ö ± ²¨¡·μ¢±¨ ¸² ¡μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö. …£μ ÉμÎ´μ¥ É¥μ·¥É¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¸ ¶μ³μÐÓÕ É ± ´ §Ò¢ ¥³ÒÌ ¶ · -
³¥É·μ¢ Œ¨Ï¥²Ö ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ μ£· ´¨Î¨ÉÓ ¢μ§³μ¦´Ò¥ ¢±² ¤Ò §  ¶·¥¤¥² ³¨ V −A-
¢ ·¨ ´É  ‘Œ.
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‡�Š‹	—…�ˆ…

‚ Ô±¸¶¥·¨³¥´É Ì ´  ¸¶¥±É·μ³¥É·¥ PIBETA, · ¡μÉ ¢Ï¥³ ´  Ê´¨± ²Ó´ÒÌ ¶ÊÎ± Ì ³¥-
§μ´´μ° Ë ¡·¨±¨ ¢ PSI ¸ 1999 £., ¡Ò²μ ´ ¡· ´μ ·¥±μ·¤´μ¥ Î¨¸²μ ¸μ¡ÒÉ¨° ·¥¤±¨Ì · ¸¶ ¤μ¢
¶¨μ´μ¢ ¨ ³Õμ´μ¢.

�·μÍ¥¸¸ β-· ¸¶ ¤  ¶¨μ´  π+ → π0e+ν ¡Ò² ¨¸¸²¥¤μ¢ ´ ´  ¸É É¨¸É¨±¥ 64 · 103 ¸μ¡Ò-
É¨°. ‚ ·¥§Ê²ÓÉ É¥ Ô±¸¶¥·¨³¥´É  ¡Ò²  ¨§³¥·¥´  ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  Γ(πβ) = [1,036 ±
0,004 (¸É É.)±0,004 (¸¨¸É.)±0,003(π+ → e+ν)]·10−8. �Éμ ¶μ§¢μ²¨²μ ¢ÒÎ¨¸²¨ÉÓ §´ Î¥´¨¥
³ É·¨Î´μ£μ Ô²¥³¥´É  ³ É·¨ÍÒ Š ¡¨¡¡μÄŠμ¡ ÖÏ¨ÄŒ ¸± ¢Ò Vud = 0,9728(30). �·¥Í¨§¨-
μ´´μ¥ ¨§³¥·¥´¨¥ Vud ¢ ¦´μ ¤²Ö ¶·μ¢¥·±¨ ±¢ ·±-²¥¶Éμ´´μ° Ê´¨¢¥·¸ ²Ó´μ¸É¨.

‚ ¸²¥¤ÊÕÐ¥³ Ô±¸¶¥·¨³¥´É¥ ´  ÔÉμ° Ê¸É ´μ¢±¥ ¡Ò²μ ¶μ²ÊÎ¥´μ 65 · 103 ¸μ¡ÒÉ¨° · ¤¨-
 Í¨μ´´μ£μ · ¸¶ ¤  π+ → e+νγ. ˆ§³¥·¥´  ¢¥·μÖÉ´μ¸ÉÓ ÔÉμ£μ · ¸¶ ¤  ¢ ±¨´¥³ É¨Î¥¸±μ°
μ¡² ¸É¨ Eγ > 10 ŒÔ‚ ¨ θeγ > 40◦: Bexp = 73,86(54) · 10−8. ˆ§ÊÎ¥´¨¥ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶μ§¢μ²¨²μ μ¶·¥¤¥²¨ÉÓ §´ Î¥´¨Ö ¸² ¡ÒÌ Ëμ·³Ë ±Éμ·μ¢ ¶¨μ´ 
FV = 0,0258(17) ¨ FA = 0,0117(17). „²Ö ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨ FV μÉ ¨´¢ ·¨ ´É´μ°
³ ¸¸Ò q2 ¶ ·Ò e+ν FV (q2) = FV (0)(1+a·q2) ¢ÒÎ¨¸²¥´  ¢¥²¨Î¨´  ¶ · ³¥É·  a = 0,10(6).
�μ²ÊÎ¥´μ μ£· ´¨Î¥´¨¥ ´  ¢±² ¤ É¥´§μ·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°: −5,2 ·10−4 < FT < 4,0 ·10−4

(90% CL), £¤¥ FT Å É¥´§μ·´Ò° Ëμ·³Ë ±Éμ·.
ˆ§³¥·¥´´Ò¥ §´ Î¥´¨Ö Ëμ·³Ë ±Éμ·μ¢ ¶μ§¢μ²ÖÕÉ ¶μ¶ÊÉ´μ ¢ÒÎ¨¸²¨ÉÓ É ±¨¥ ¢¥²¨Î¨´Ò,

± ± ¶μ²Ö·¨§ Í¨Ö § ·Ö¦¥´´μ£μ ¶¨μ´  αE = 2,78(10) · 10−4 Ë³3 ¨ ¢·¥³Ö ¦¨§´¨ ´¥°É· ²Ó-
´μ£μ ¶¨μ´  τ(π0) = (8,5 ± 1,1) · 10−17 ¸.

‚ Ô±¸¶¥·¨³¥´É¥ PEN ¶μ ¨§ÊÎ¥´¨Õ · ¸¶ ¤  π+ → e+ν ¶μ²ÊÎ¥´  ¸É É¨¸É¨±  22 800K
É ±¨Ì ¸μ¡ÒÉ¨°. –¥²ÓÕ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö Ê²ÊÎÏ¥´¨¥ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö ¢¥·μÖÉ-
´μ¸É¨ · ¸¶ ¤  ¶μÎÉ¨ ´  ¶μ·Ö¤μ± (5 · 10−4). � ¡μ· ¸μ¡ÒÉ¨° § ¢¥·Ï¥´, ¨ ¢¥¤¥É¸Ö μ¡· -
¡μÉ± . �  ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¶·μ¢μ¤¨É¸Ö É ±¦¥  ´ ²¨§ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ³Õμ´ 
μ+ → e+ννγ (106 ¸μ¡ÒÉ¨°) ¨ ¶μ¢Éμ·´Ò°  ´ ²¨§ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¶¨μ´ .

� ¡μÉ  ¡Ò²  ¶μ¤¤¥·¦ ´  �””ˆ (£· ´É 08-02-00652 ).
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